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The microstructures of two sets of hydrogenated amorphous silicon—germanium (a-Si, ., Ge, :H)
alloys prepared by the plasma-enhanced, chemical-vapor-deposition technique with and without
hydrogen dilution of the source gases (silane and germane) have been analyzed by small-angle x-ray
scattering (SAXS), infrared vibrational spectroscopy, and flotation density measurements.
Optoelectronic properties of codeposited films have also been characterized. Hydrogen dilution
suppresses dihydride/polyhydride formation, reduces bonded H content, and reduces the
SAXS-detected microstructure for x>0. Studies of anisotropy in the SAXS intensity indicate an
increased amount of oriented microstructure as Ge is added, consistent with a trend toward
columnarlike growth in both undiluted and hydrogen-diluted fiims, but the diluted films have a
significantly reduced degree of such oriented microstructure. The improvement in the microstructure
of a-S8i, _,Ge, :H films by H, dilution correlates with concomitant improvement of optoelectronic
properties. The modification of microstructure due to H, dilution of the source gases is discussed in

terms of growth mechanisms of alloy films. © 1995 American Institute of Physics.

. INTRODUCTION

Alloying of hydrogenated amorphous silicon (a-Si:H)
with germanium is a convenient method of matching the
energy band gap (1.7-1.0 eV) to values consistent with de-
vice  requirements. In  particular, low-band-gap
a-Si; -, Ge, :H layers are used in tandem with a-Si:H layers
in solar cells to collect both low- and high-energy photons.
The main drawback of this alloy is that its optoelectronic
quality degrades with the decrease in band gap. Such degra-
dation cannot be explained by increases in the midgap defect
(dangling bond) density alone.!”® Several concepts have
been introduced including two-phase heterostructure,* poten-
tial fluctuations,” and microstructure®™® to help understand
the excess recombination of photogenerated carriers, other
than via deep defect states. Improvement of steady-state pho-
toconductivity of a fluorinated a-SiGe:H alloy, having al-
most the same deep defect density as the nonfluorinated al-
loy, has been explained with a two-phase heterostructure
involving two transport paths.10

Mahan, Raboisson, and Tsu'' suggested that in the case
of C or Ge alloying of a-Si:H there is a recombination chan-
nel other than through midgap defects and they correlated
this excess recombination with the presence of microstruc-
ture (local disorder) as detected by infrared (IR) vibrational
spectroscopy. In the case of a-Si:H a quantitative measure of
the amount of microstructure was introduced® as the param-
eter R=1,430/ ({2000 + 12080), Where I5ggq and 1,4qq Tepresent
the IR absorbance at 2080 and 2000 cm™*. Beyer,'? through
H diffusion and evolution experiments, established a corre-
lation between the decay of optoelectronic properties of alloy
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films and the existence of weakly bonded or clustered H and
interconnected microvoids. The latter were not detected di-
rectly, but inferred. The Hitachi group'® has used small-angle
x-ray scattering (SAXS) to indicate that a-SiGe:H alloys
have a different microstructure than either a-Si:H or a-Ge:H
based on a fractal analysis of the data. Jones er al.”~® have
also noted increased SAXS for a-Si; - ,Ge, :H alloys with
x>>0.2 but have interpreted the data in terms of increased
amounts of microvoids or low-density, H-rich regions. How-
ever, the effect of hydrogen dilution on the SAXS-detected
microstructure in such alloys has yet to be thoroughly stud-
ied and is therefore a major aspect of the present investiga-
tion.

Highly photoconductive a-Si; _ ,Ge, :H alloys with opti-
cal band gaps near and above 1.50 eV have been developed
using a combination of low flow rates of the source gases
and strong H, dilution as reported recently.'* Detailed char-
acterization of midgap defect and band-tail states reveals that
the Urbach energy changes marginally while the deep defect
density increases significantly with Ge incorporation.!’
Study of photogeneration and recombination in these alloys
in a Pd/a-SiGe:H Schottky barrier structure reveals that the
total recombination loss cannot be explained only by in-
creases in neutral deep defect states [detected by electron
spin resonance (ESR)].!® On the other hand, similar values
for the numbers of midgap states of the same sample mea-
sured by different techniques, such as photothermal deflec-
tion spectroscopy (PDS), the constant photocurrent method
(CPM), ESR, and dual-beam photoconductivity (DBP), rule
out the existence of a large density of charged defect states
(D*/D7).14716 The recent evidence® of a direct role of mi-
crostructural defects (detected by SAXS) in degrading the
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optoelectronic properties of a-Si; _,Ge, :H alloys for x up to
about 0.4 merits further work. In this study we combine the
techniques of SAXS, IR-absorption spectroscopy, and flota-
tion density measurements to probe the microstructure of
ailoy films having optical band gaps from 1.7 t0 1.2 eV (x=0
to x=0.7) prepared by plasma-enhanced chemical-vapor
deposition (PECVD), with and without hydrogen dilution of
the source gases.

Il. EXPERIMENTAL DETAILS
A. Sample preparation

Series of a-Si,_,Ge,:H films have been prepared in a
capacitively coupled, parallel-plate, 13.56 MHz radio-
frequency (rf)-powered glow-discharge system with a diode
configuration. Prior to deposition the reactor was baked to
achieve a base pressure 10~ Torr. Semiconductor-grade si-
lane and germane (Matheson, 99.9999% purity) were used as
source gases for the Si—-Ge alloy films. The electrode on
which the substrates were mounted was kept isolated from
ground during deposition. Substrates included high-purity
(99.999%) Al foil for the SAXS, crystalline Si wafers for the
IR, and Corning 7059 glass for the optoelectronic measure-
ments. Such samples were codeposited in a given run. The
substrate temperature and rf power density were kept at
250 °C and 30 mW/cm?, respectively. Two series of samples
were prepared with increasing x. One series was made with-
out H, dilution and the second was made with high (94%) H,
dilution. For both series, the total flow rate of silane and
germane were kept at the low value of 2.5 sccm and the
value of x was varied by changing the gas flow ratio
[GeH,;/(GeH,+SiH,)]. The chamber pressure was 0.2 Torr
during preparation of the undiluted series and was 0.5 Torr
for the H,-diluted series.

B. Measuring techniques

The IR spectra were obtained with a Perkin Elmer 1750
Fourier transform IR (FTIR) spectrometer. Bonded H con-
tents were calculated from the integrated absorption bands at
630 cm™' (Si—-H wag mode) and at 570 cm™! (Ge—H wag
mode) based on the calibration factors given in the review by
Cardona.!” The IR spectra were also deconvoluted to obtain
values of the alloy microstructure parameter proposed by
Mahan and co-workers,!! for a-Si,_, Y, :H alloys,

R*=[15030/(I2080+ 12000)1(1 —x)
[y, /Iy, +Iv-n)]x,

where Y=Ge or C and v-u, and I'y_y are the IR-absorption
intensity analogs to the Si—H,, (at 2080 cm™!) and Si—H (at
2000 cm™') stretching modes, respectively. It is difficult to
isolate the absorption due to the Ge-H, stretch mode
(~1975 cm™") from the Si-H stretch mode (2000 cm™') so a
constant value of /ge_u,/(Ige-n, + IGe-n) = 0.23 was as-
sumed for the Ge-hydrogen contribution.!! The integrated
intensity of the scissors/bending band at 750-950 cm™! was
also calculated to monitor the presence of dihydride and
polyhydride bonds (Si-H,, and Ge-H,,, n=2).
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FIG. 1. Infrared vibrational spectra of the stretching mode for a-Si:H
samples 1 and 1H and a-SiGe:H samples 2 and 3H,

The SAXS and flotation density measurements were
made using procedures described in detail elsewhere.”'® To
examine for anisotropic scattering, SAXS data were also col-
lected with each sample tilted at 45° to the x-ray beam. Elec-
tron microprobe measurements on a small piece of each of
the SAXS samples provided the value of x in each of the
a-S8i, _,Ge, :H alloys examined.

The steady-state secondary photoconductivity was mea-
sured under 50 mW/cm? white light from a tungsten lamp.
Before each measurement the sample was annealed at 180 °C
under vacuum (1075 Torr) for 1 h. Transmittance and reflec-
tance spectra were taken with a Hitachi 330 UV-VIS spec-
trophotometer and the optical gap was determined with the
Tauc method.'® The Urbach energy was determined by
CPM.?® The quantum efficiency—mobility—lifetime product
nur was extracted from the photoconductivity measured un-
der band-gap light using a wavelength where the absorption

coefficient o was 1073 cm™! with a flux of 10" em™2 571,

lil. RESULTS

The IR-absorption bands corresponding to the stretch
modes of the a-Si:H samples and two a-Si,_,Ge, :H alloys
with optical gaps E near 1.60 eV prepared with and with-
out H, dilution are shown in Fig. 1. Under the H, dilution
condition for x =0, there is a clear increase in the absorption
near 2080 cm ™/, typically associated with either Si—-H, con-
figurations or Si—~H on the internal surfaces of voids.'*?! The
bonded H content of the x=0 films increases from about 8.2
at. % to 9.3 at. % upon the use of H, dilution. The diluted
sample with E,,=1.60 eV (x=0.22) has slightly more of the
2080 cm ™! absorption than the undiluted sample and the ab-

Middya et al. 4967

Downloaded 12 Oct 2004 to 128.230.72.241. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



TABLE 1. Composition, band gap, IR, SAXS, and flotation density results for a-Si, _,Ge, :H alloys prepared
with H, dilution (labeled no. H) and without dilution (labeled no). £, is the Tauc optical band gap. Gy, is the
bonded H content from the IR wag modes. R* and Iy are the microstructure factor and integrated intensity of
the 750-900 cm™' scissors/bend IR mode, respectively. O, and Q,s are the integrated SAXS intensities ob-
tained with the sample untilted and tilted at 45°, respectively. The film density and the density deficit relative to
crystalline Si,_,Ge, are d and Ad/d,, respectively.

Ew  Cy Iy Qo d Adld,
Sample x V) @% R*  (auw) (10°am™) Q0 (gem’) (%)
1 0 L7182 014 0036 0.71 13 2.25 34
1H 0 174 93 029 0043 1.4 12
2 015 160 75 017 25 5.8 L7 2.68 5.3
2H 022 160 75 018 34 L5 L5 2.89 5.6
3H 026 158 72 023 39 5.0 12 2.98 6.6
4H 034 152 64 019 - 3.1 3.1 3.26 52
3 037 144 72 025 83 7.3 2.6 3.32 6.2
5H 047 144 55 028 46 6.1 L6 3.56 73
4 054 136 62 037 42 21 33 3.75 7.4
6H 057 135 43 037 23 14 23 3.94 438
TH 068 122 34 24 4.1
5 072 120 43 031 40 3.9

sorption band near 1875 cm™' due to Ge—H bonds is no-
ticeable. However, note that the amount of 2080 cm™! ab-
sorption in the x=0.22 sample (3H) is noticeably reduced
compared to the x=0 sample (1H). Although the two
a-Si, -, Ge, :H films (2 and 3H) have similar band gaps (1.60
and 1.58 eV, respectively), the microprobe analysis shows
the diluted film to have a significantly larger Ge content (x
=0.26 vs 0.15). Similarly, for two films of smaller band gap,
1.44 eV, the Ge contents are again different, having values of
x=0.47 and x=0.37 for the diluted and undiluted conditions.
The Ge contents and optical gaps of all films studied are
listed in Table I. The IR data from the two 1.44 eV films as
well as those from lower-gap (~1.35 eV) material are shown
in Fig. 2 for both the stretch modes and bending modes
(750-900 cm‘l). Here one can see the clear increase in the
Ge—H absorption due to the larger x of the diluted film and
the reduced amount of dihydride/polyhydride bonding as a
result of the dilution, despite the larger x for the two 1.44 eV
films (3 and 5H). There is little evidence of a difference in
the 2080 cm™! absorption and deconvolution of the data
shows R* to be only slightly larger for the diluted film
(R*=0.28 vs 0.25).

In the case of the lower-band-gap film data of Fig. 2, the
Ge contents are much closer, x=0.57 and 0.54 for the diluted
and undiluted films (6H and 4), respectively. The Ge—H ab-
sorption is similar in intensity but there is slightly less of the
2080 cm ™! mode in the diluted film and there is a dramatic
difference in the dihydride/polyhydride bonding to the Ge
and Si as seen by the absorption band between 750 and 950
cm”!. The bending mode IR data indicate nearly complete
elimination of the Si-dihydride/polyhydride configurations
using H, dilution, although much more Ge—H, absorption
shows up near 800 cm™! to replace much of the Si—H, ab-
sorption.

A summary of all the IR-determined results is provided
in Table I. In general, the H, dilution induces clear changes
in the H bonding configurations and affects the amount of Ge
needed in the film to produce a given optical gap. The
amount of dihydride/polyhydride bonding is significantly re-
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duced in the lower-band-gap films (1.44-1.35 eV) as a result
of the dilution. Note from the table that the bonded H content
Cy was reduced slightly in every case except x =0 as a result
of dilution. There is also a trend of less H incorporation with
increased x. These trends will be considered in more detail
later.

Figure 3 compares SAXS intensity data from three pairs
of diluted and undiluted films with different x. The quantity
h=(4n/\)sin 8 is the magnitude of the x-ray scattering vec-
tor, where 20 is the scattering angle relative to the incident
beam and A is the x-ray wavelength (0.154 nm). As dis-
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FIG. 2. Infrared vibrational spectra of the stretching (1800~2200 cm™') and
scissors/bend (750-930 cm™') modes for a-SiGe:H samples 3 and 5H, and
samples 4 and 6H.
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FIG. 3. SAXS intensities from three undiluted films compared with three
Ha-diluted films.

cussed previously,g'9 there are two distinct contributions to
the SAXS: the angle-dependent part due to electron-density
fluctuations in the form of microvoids or low-density, H-rich
material, and an angle-independent part due primarily to dif-
fuse scattering from the alloy constituents on the atomic
scale (so-called Laue monotonic scatteringzz). Both contribu-
tions can be seen to increase with increasing x in Fig. 3. The
angle-independent contribution is carefully subtracted®® to
yield the angle-dependent scattering due to the microstruc-
tural inhomogeneities. The latter contribution is displayed
Fig. 4 in the form of the product of the normalized SAXS
intensity / and A versus k. This type of plot is useful since
the area under this curve can be related quantitatively to the

- -1
nm )

ixh (10

FIG. 4. SAXS IXh plots for same samples shown in Fig. 3. A constant
background level was subtracted from each of the curves in Fig. 3 to obtain
the intensities used here.
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FIG. 5. SAXS tilting effect for one undiluted and one H,-diluted film.

volume fraction of the scattering centers under simplifying
assumptions:

(i) a two-phase system involving only two electron den-
sities and therefore a single electron density differ-
ence An;

(ii) no preferred orientation of nonspherical scattering
centers (and hence no anisotropic SAXS).

Then,

K 2
0= [ an={ 5| amvii-v), M

where K is a constant determined by the geometry of the
SAXS system and w is the linear absorption coefficient of
the sample. The latter quantity appears due to the method of
intensity normalization used.'

Anisotropic scattering is observed in most of the samples
so the above expression cannot be used directly to obtain a
volume fraction, but Q remains useful as a measure of the
amount of microstructure when coupled with another quan-
tity: the ratio Qy/Q4s, where Qg and Q45 are the integrated
intensities obtained with the sample untilted (i.e., the film
plane is perpendicular to the x-ray beam direction) and tilted
at 45° relative to the x-ray beam, respectively. Model calcu-
lations have been performed for oriented, ellipsoidal-shaped
scattering centers following procedures similar to those of
Shibiyama er al.>* in order to provide a first-order interpre-
tation of the values of Qy/Q,5. For example, ellipsoids with
their long axis parallel to the film growth direction will pro-
duce Q¢/Q45>1, consistent with experimental observations,
and the values of Qo/(Q4s and Qg can provide estimates of
the major-to-minor axis ratios of the ellipsoids, and the vol-
ume fraction of scattering centers. Under the assumption that
the scattering centers are voids, then the void fraction ob-
tained from the SAXS for such oriented, ellipsoidal voids
can be compared with the density deficits obtained from the
flotation density values of the same films.

Figure 5 shows the effect of tilting on the SAXS inten-
sities for some of the films. In general the tilting effect
(Qo/Q.s) increases with x and it is less for the diluted films
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FIG. 6. Size distributions of scattering centers estimated from SAXS data
obtained in the nontilted orientation.

with similar x. Table I includes the values of Qg and Q¢/ Qs
for all of the alloys examined. Also shown are the flotation
densities and the corresponding density deficits relative to
crystalline Si, _ ,Ge, alloys.” The flotation density could not
be measured for the two highest Ge contents since the flota-
tion fluid had a maximum density of 4.05 g/em®, correspond-
ing to x=0.60 for crystalline alloys. The sample 1H could
not be measured since the film broke into many small par-
ticles upon dissolving the Al-foil substrate, probably due to
unusually high residual stress in this film.

The sizes of the scattering centers were estimated by
fitting the SAXS data obtained with no tilting under the as-
sumption of spherical shapes, using the spherical particle
form factor,?® and a distribution of radii. Due to the relatively
small number of data points in each SAXS scan, the number
of radii in the distributions was limited to five. Example
results of such distributions are given in Fig. 6 where a clear

increase in the fraction of scattering centers with diameters
of 3—4 nm occurs with increasing x for both dilution condi-
tions. The exact values of the individual diameters and frac-
tions should not be taken too seriously in view of the sim-
plified model used, but the trends should be valid. Since the
tilt-dependent SAXS, which dominates the scattering from
the high x alloys, is consistent with elongated scattering cen-
ters with their axes aligned with the film growth direction,
this procedure will give the minor axis diameters of ellip-
soids. An average major-to-minor axis ratio v is estimated
from the Qy/Q45 values and these values together with the
average minor axis diameters (D) and estimated volume
fractions V/ are listed in Table II. Note that when the aniso-
tropic scattering effect is modeled by the oriented ellipsoids
the V; are not very different for a given x.

The relatively large average sizes obtained from the two
a-Si:H samples is due to the main SAXS signal seen in Fig.
3 as the steep rise at the smallest angles. There is little evi-
dence of the 1-nm-size scattering centers sometimes detected
in a-Si:-H.2*® We do not think the steep SAXS signal at low
h is due to microvoids with such large sizes but is likely due
to either larger-scale H-concentration fluctuations or a sur-
face roughness effect. The increased fraction of scattering
centers with diameters of 3—4 nm with increasing x has been
noted previously’® for samples made by other groups. Thus,
a-Si, _,Ge, :H alloys prepared by PECVD by several groups
all show a similar type of microstructure and behavior versus
x. The increased tilting effect versus x seen particularly for
the undiluted films is also a general trend,” ™ suggesting that
oriented microstructure is unavoidable for x>0.2 (for all
deposition conditions examined to date), although Q¢/Q,s is
here significantly reduced by the H, dilution. As discussed
earlier,’ ~ this oriented microstructure is associated with co-
Iumnarlike growth, with the voids or low-density, H-rich re-
gions between the columns being the origin the SAXS. The
effect of the H, dilution seems to be the reduction in v for a
given x. Thus, the effect of dilution is apparently not to de-
crease strongly the volume fraction of the microvoids (Table
1), but to decrease their aspect ratio, consistent with a re-
duced degree of columnarlike structure. This is examined
more carefully below.

The optoelectronic properties obtained from the same
codeposited films used for the SAXS measurements are
listed in Table III. The Urbach width Ej, the photoconduc-
tivity oy, and the quantum efficiency—mobility~lifetime

TABLE II. Size, shape, and void fraction results based on SAXS and model calculations assuming ellipsoidal-shaped scattering centers assuming the major
axes are aligned perfectly with the growth direction. An average major-to-minor axis ratio v was obtained from the Q¢/Q,s of Table 1. The volume-fraction-
averaged diameter (D) (in nm), represents the average minor axis diameter since this was determined from the SAXS scans at 0° tilt angle. Vy is the
model-estimated void fraction (in vol %) based on the Qg and Qy/Q4s in Table I.

Sample 1 2 3 4 S 1H 2H 3H 4H 5H 6H H

X 0 0.15 0.37 0.54 0.72 0 0.22 0.26 0.34 0.47 0.57 0.68

v 1.6 2.4 4.2 5.5 6.7 1.4 2.0 1.4 2.0 22 3.6 7.0
(D) 20 12 3.5 4.1 4.6 19 20 9 12 7 4.0 4.7

Vs 0.1 0.5 04 08 1.3 0.2 0.1 0.5 0.2 0.3 0.7 0.8
4970 J. Appl. Phys., Vol. 78, No. 8, 15 October 1995 Middya et al.
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TABLE III. Optoelectronic properties. Ey is the Tauc optical gap. £, is the
Urbach energy. The conductivity measured in the dark and under illumina-
tion are indicated by o, and oy, respectively. The quantity nu7 is the
quantum efficiency~mobility-lifetime product.

Eop( Eo Oy Uph YT
Sample (V) (meV) (107%Qcm) (107%Qcm) (1075 em¥V)

i 171 46 2.9 5.6 2.0
1H 174 54 0.2 2.4 1.0

2 .60 48 59 22 3.0
2H 160 50 4.0 2.1 1.6
3H 1.58 52 4.0 2.1 1.5
4H 152 51 12 0.51 0.6

3 144 55 11 0.57 0.07
5H 144 50 32 0.78 0.21
4 136 66 15 0.03 0.008
6H 1.35 60 51 0.19 0.07
7H 1.22 820 0.16
5 1.20 800 0.01

product 7u are all regarded as useful monitors of the opto-
electronic quality and one can see from the table a general
degradation in these quantities with increasing Ge conient.

V. DISCUSSION

The focus of the present study is on the effects of H,
dilution and we now consider several systematic trends in the
data of Tables I, II, and III. A plot of the Qg vs x is useful for
demonstrating a decreased amount of SAXS induced by the
H, dilution as shown in Fig. 7(a). Its effect on Qy/Q,s is
considered in Fig. 7(b). There is a smooth, near-linear trend
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FIG. 7. (a) SAXS integrated intensities @, vs Ge content, and (b) the tilting
effect ratio Qp/Q,s vs Ge content. Lines are drawn to guide the eye.
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FIG. 8. Flotation densities of a-Si,_,Ge, :H alloys compared with crystal-
line Si,-,Ge, (Ref. 25).

of 0y/Q45 with x for the undiluted films and a clear reduc-
tion in this ratio for the diluted ones except at the highest Ge
content. Q4 is clearly reduced by the dilution for values of
x>0. For the x=0 films, the amount of scattering is larger
for the one produced with H, dilution. This result is opposite
to those of previous measurements of a-Si:H films where
decreased SAXS was observed with H, dilution.?® It should
be mentioned that due to a larger matrix electron density
with increased Ge alloying, the value of An should increase
with x, but this is compensated somewhat by the increase in
w Isee Eq. (1)] such that the 0, should increase only slightly
according to the dashed line in Fig. 7(a), assuming a fixed
volume fraction of randomly oriented scattering centers simi-
lar to those in the x=0 films. Note that the changes observed
are much larger than expected on this basis alone.

Figure 8 compares the measured film densities with
those of crystalline Si;_,Ge, alloys and there is no clear
difference between the two type of films and this provides
support for the model calculations of V; shown in Table II
where quite similar values are found for similar x. The den-
sity deficit has contributions from both the alloying of the
amorphous network by the H and from the microvoids or
low-density, H-rich regions. Only the latter produce the
SAXS and the relatively small estimated void volume frac-
tions (Table II) suggest a dominance of the H alloying effect
on the deficits. There may also be an intrinsic density deficit
due to an average difference in the bond length in the amor-
phous versus the crystalline state. It was recently demon-
strated that a-Si (no H), produced by ion implantation, is
1.8+0.1% less dense than crystalline Si,* suggesting an av-
erage bond length increase of 0.6% in the amorphous state.

The optical band gap and bonded H content Cy (as de-
termined from the IR wag mode absorption) of the
a-Si;_,Ge, 'H films are plotted in Fig. 9 as a function of the
Ge content x. For a-Si:H the Cy is larger for the diluted film,
but there is a crossover near x=0.2 so that the undiluted
films have more bonded H. A similar crossover does not
occur in Eqy . The lower Cy for higher-x, diluted films ver-
sus the undiluted films may correlate with the reduced bend-
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ing mode absorption corresponding to reduced fractions of
the dihydride/polyhydride configurations (Fig. 2 and Igg in
Table I) and with the reduced amount of microstructure de-
tected by SAXS (Fig. 7). There is no obvious difference in
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the IR-determined microstructure fraction R* between the
diluted and undiluted films above x=0. Note in Fig. 10 that
the Urbach energy and the log of the photoconductivity sug-
gest a transition to improved behavior with H, dilution for
x>0.2, consistent with the dilution-induced improvement in
SAXS-detected microstructure (Fig. 7). Comparison with Cy
in Fig. 9 makes it clear that more bonded H (for a given x)
correlates with poorer optoelectronic properties. This ‘“‘ex-
tra” H is probably associated with the increased microvoids
or H-rich regions detected by SAXS in the undiluted versus
the diluted films.

The exact correlation between SAXS and IR results is
not well established for a-Si:H, although there does appear
to be some connection between the [SiH],-induced appear-
ance of the 2080 cm™' stretch mode absorption and/or the
845-890 cm™! scissors/bending mode absorption and en-
hanced SAXS-detected microstructure.?” This issue is com-
plicated by evidence that the 2080 cm™! mode may also be
due to Si—H bonds on the internal surfaces of voids,?!
which remains controversial.>! Beyer'” has shown by H evo-
lution experiments that upon alloying with Ge or C, the low-
temperature evolution peak increases while the high-
temperature peak decreases. He attributed the decay of
optoelectronic properties with alloying to the presence of an
interconnected microvoid structure allowing desorption and
diffusion of H, and hence to the low-temperature evolution
peak. An anticorrelation was found between amount of voids
(as inferred from the intensity of the low-temperature evolu-
tion peak) and the total hydrogen density (total evolved hy-
drogen) with Ge alloying, i.e., as the total hydrogen content
decreased with x, the fraction evolving from voids increased.
A similar behavior is found here in that Cy decreases with x
[Fig. 9(b)] while the SAXS from voids or low-density re-
gions increases for both undiluted and diluted films (Fig. 7),
although less rapidly with x for the latter. There are reports
regarding the role of H in modifying the network structure
apart from reducing the defect density.*>** The multifaceted
role of hydrogen remains unclear. Contrary to earlier belief,
it has recently been shown that with reductions of the H
content well below conventional levels, the tetrahedral amor-
phous network improves and this leads to improvement of
optoelectronic properties and stability under prolonged
illumination 3433

It is observed in this study that in the case of a-Si:H
(x=0), H, dilution of the source gases increases the
dihydride/polyhydride bond formation, as seen by a doubling
of the IR-determined value of R*. The integrated SAXS in-
tensity (Qy, Table I) is also larger for this case. Thus, for the
growth conditions used here, the microstructure of the x=0
film is not improved by the dilution, in contrast with a pre-
vious result.”” This may be related to differences in deposi-
tion parameters.’® Note also that the Urbach energy and the
photoconductivity are degraded relative to the undiluted film
(Fig. 10). A compact network structure with low H content in
the undiluted x=0 and x<0.2 films can be understood from
their growth kinetics. Since these films were grown with low
flow rates of the source gases, the long residence time en-
sures creation of adequate amounts of atomic hydrogen
within the chamber which takes an active role in network
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reconstruction during growth by elimination of weak bonds
and unwanted hydrogen. This leads to a more compact mi-
crostructure with less hydrogen. With an increased supply of
atomic hydrogen brought about by the H, dilution the micro-
structure degrades.

However, the reverse trend is observed for the lower-
band-gap alloys with x>0.2 such that the H, dilution be-
comes efficient in reducing the dihydride/polyhydride bonds
and the microvoid densities. Thus the microstructure of low-
band-gap a-Si,.,Ge, :H alloys improves significantly as a
result of the hydrogen dilution method. A possible explana-
tion of this behavior is as follows. The growing surface has a
high fraction of Ge—H bonds and because of the weaker
Ge—H bond strength compared to that of Si—H exodiffusion
of surface hydrogen from Ge—H bonds occurs at the 250 °C
deposition temperature.’” The GeH; and SiH; radicals in the
plasma contribute to the film growth at the low rates used
here due to their long lifetime. Other radicals (SiH,, GeH,,
etc.) are mostly converted to higher silane (Si,Hg) or ger-
mane (Ge,H,) radicals via secondary reactions.*®** During
growth under no dilution, the surface diffusion length of the
dominant precursor becomes too short to allow the precur-
sors to find the most energetically favorable sites. This is due
to the large number of open dangling bond sites (Ge-) and
the larger mass of the GeH; radical. Etching of weak bonds
and clustered hydrogen is also reduced due to lack of suffi-
cient atomic hydrogen. The low surface mobility and surface
desorption rate of the surface radicals therefore leads to co-
lumnarlike growth with elongated voids (or low-density,
H-rich regions) between the columns as well as the concur-
rent formation of polyhydride configurations.

Observations from in situ ellipsometric experiments* as
well as from computer simulations*' indicate that low sur-
face mobility and desorption rate of surface radicals lead to a
low-density network microstructure with voids, clusters, and
polyhydrides, corroborating the above explanation. With the
excess of hydrogen (94% dilution here), exodiffusion of sur-
face hydrogen is counterbalanced by a greater supply of im-
pinging hydrogen, thereby enhancing the surface mobility of
incoming radicals. Thus, the growth of an alloy film at a
slow deposition rate under H, dilution allows structural re-
laxation of the network. Consequently, hydrogen is incorpo-
rated predominately as monohydrides (Si-H). Moreover, un-
der the presence of enhanced amounts of atomic hydrogen
during growth, elimination of weak bonds and unwanted hy-
drogen occurs. In this process atomic hydrogen makes the
overconstrained tetrahedral network of Si and Ge more fiex-
ible to satisfy most of the bonding requirements, resulting in
a more relaxed, compact network structure. This leads to
improved homogeneity in the form of reduced microvoid
volume fractions and reduced polyhydride configurations.
This in turn reduces the potential fluctuations and enhances
the carrier drift mobilities. Such changes are seen through
the increased steepness of the valence-band-tail states (indi-
cated by the smaller E,, Fig. 10) and improved photocon-
ductivities and nu7 of the diluted films relative to the undi-
luted films with the higher Ge contents (Table III and Fig.
10).
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Although we have chosen to display the trends of prop-
erties versus the Ge content, another approach is to examine
the properties versus the optical gap since this is a crucial
parameter in solar-cell behavior. One may compare the pairs
of samples (2,2H), (3,5H), (4,6H), and (5,7H) in Tables I and
HI to see that above-discussed trends remain valid in that the
diluted films of equal band gap are superior in optoelectronic
quality and microstructure.

Finally, we recognize several other studies of the effects
of H, dilution on the properties of a-Si, -, Ge, :H alloys.**>*
For example, Matsuda et al.** observed that the photocon-
ductivity under AM1 (100 mW/cm?) was improved through-
out the alloy region in the case of films prepared with a diode
reactor. For a triode system, dilution was effective only for
films with optical gaps =1.55 eV. Weller et al.*® also depos-
ited alloy films with diode and triode reactors, with and with-
out H, dilution and found that use of the triode reactor with
H, dilution led to AMI1 photoconductivities of
2X107*-1x107% (Q cm) ™! for optical gaps from 1.7 to 1.4
eV, respectively, Zeman et al.>® observed strong effects of
dilution for alloy films deposited in a diode reactor from
mixtures of GeH,/(GeH,+SiH,;)=0.2 (corresponding to
x=0.5), where the ratio of light to dark conductivity in-
creased by more than an order of magnitude as the dilution
was increased from 50% to 95%. The increased dilution also
reduced the Urbach energy. It was their speculation that this
improvement was mainly due to the reduction of microstruc-
ture in the films associated with Si—H, bonding configura-
tions such that a more structurally dense, void-free network
is produced. The latter is confirmed by the present investiga-
tion, although significant amounts of microvoids remain at
the highest Ge contents, even with dilution.

V. CONCLUSIONS

The microstructure of two series of a-Si, _,Ge, :H alloys
prepared with and without hydrogen dilution has been char-
acterized by small-angle x-ray scattering, infrared-absorption
spectroscopy, and flotation density. The following conclu-
sions are drawn from this study:

(1) Hydrogen dilution of source gases (silane and ger-
mane) modifies the microstructure in that less dihydride/
polyhydride configurations and a weaker degree of colum-
narlike microstructure exist for the alloys with band gaps
below about 1.6 eV. For the deposition conditions used here,
hydrogen dilution induced slightly more microstructural fea-
tures in the x=0 (a-Si:H) material, but at a relatively large
size scale (~20 nm), not likely related to voids.

(2) Based on the SAXS made at 45° tilting, the micro-
structure changes from one of relatively good homogeneity
at Jow x to one of columnarlike structure with elongated
voids (or low-density, H-rich regions) oriented with their
long axes parallel to the growth direction at high x.

(3) As Ge is added, the size distribution of the scattering
centers changes to one that can be modeled with ellipsoidal
voids with minor-axis diameters that are predominantly 3-4
nm and and major-to-minor axis ratios as high as 7 for the
largest Ge contents. The modeling suggests that hydrogen
dilution tends to reduce the aspect ratio of the ellipsoids
rather than decreasing the void volume fraction.
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(4) The loss of bonded H induced by hydrogen dilution
is accompanied by higher Ge content to yield the same op-
tical band gap for the range from about 1.6 to 1.4 eV, an
unexpected behavior since both reduced H and increased Ge
typically reduce the band gap.

(5) The improved microstructure seen with hydrogen di-
lution at the larger Ge contents or smaller optical band gaps
correlates with improved optoelectronic behavior.
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